Given the interplay between oxidative stress, reactive gliosis, and neurodegeneration, we propose a therapeutic strategy that protects against neurodegeneration by decreasing ROS levels and preventing pathogenic glial activation. The majority of cellular ROS are produced in mitochondria,
Introduction
Reactive oxygen species (ROS) are free radicals that can damage DNA, lipids, and proteins. In neurons, elevations in ROS in neurons are associated with cell death and degeneration, while increases in glial ROS can stimulate a phenotypic change known as reactive gliosis, characterized by several alterations in homeostatic function (Sofroniew, 2009; Choi et al., 2012) . While in some circumstances gliosis creates a supportive environment in the central nervous system (CNS), during neurodegeneration it more frequently inhibits neuronal survival and regeneration (Sofroniew, 2009; Tang and Le, 2016) . ROS-induced cellular damage and gliosis are both pathogenic mechanisms implicated in the progression of Alzheimer's disease, Parkinson's disease, amyotrophic lateral sclerosis (ALS), and stroke (Sofroniew, 2009; Tang and Le, 2016) .
Uncoupling protein 2 (UCP2) is a solute carrier protein in the inner mitochondrial membrane that regulates proton leak and consequently the production of mitochondrial ROS (Krauss et al., 2005) . UCP2 activity is protective against ROS-induced cell death in the CNS (Mattiasson et al., 2003; Barnstable et al., 2016) . While UCP2 can be protective by acting directly in neurons, the main objective of this article is to provide support for the hypothesis that a component of UCP2's neuroprotective effect originates in glia, and works by reducing the inflammatory response of glia to oxidative stress. We initiated a Medline search for "UCP2 AND (astrocytes OR microglia)", and found several key publications that support this hypothesis. We detail these findings in Table 1 and below.
ROS and Disorders of the CNS
ROS, such as O -2 , H 2 O 2 , HO -2 are anobligatory result of mitochondrial oxidative phosphorylation, and are normally detoxified by endogenous antioxidant proteins such as superoxide dismutase, catalase, and glutathione. When ROS levels exceed the protective buffer of these antioxidant defenses, cells become oxidatively stressed. Persistent oxidative stress can cause cell dysfunction and eventually death. While oxidative stress in the CNS may directly cause neuronal death, it also triggers several morphological and functional changes in astrocytes and microglia in a process known as reactive gliosis (Choi et al., 2012; Lu et al., 2014) . While reactive gliosis is frequently supportive of neuronal survival after an acute injury or stroke, persistent glial reactivity is thought to contribute to neuronal death by disrupting the homeostasis of metabolism and cell signaling (Sofroniew, 2009) . Although these phenomena are only reactions to an initial insult that causes neurodegeneration, both oxidative stress and reactive gliosis are hallmarks and potential therapeutic targets in several neurodegenerative disorders, including Alzheimer's disease, Parkinson's disease, ALS, and stroke (Sofroniew, 2009; Choi et al., 2012; Tang and Le, 2016) . and ROS production is higher at greater transmembrane proton gradients (Korshunov et al., 1997) . Our approach to decreasing ROS is to utilize the endogenous function of mitochondrial uncoupling proteins (UCPs). UCPs are proton transporters situated in the inner mitochondrial membrane, and are involved in diminishing the transmembrane proton gradient (Krauss et al., 2005) . This activity reduces the drive for ROS production and consequently decreases cell death (Lapp et al., 2014) . Mitochondrial uncoupling has been best exhibited as a neuroprotective strategy in studies of uncoupling protein 2 the activity and overexpression of which can dramatically decrease CNS cell death due to oxidative damage in vitro, as well as in mouse models of pilocarpine-induced seizures, middle cerebral artery occlusion-induced stroke, parkinsonism induced by the neurotoxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) and N-methyl-D-aspartate (NMDA)-induced retinal excitotoxicity (Mattiasson et al., 2003; Lapp et al., 2014; Lu et al., 2014; Barnstable et al., 2016) . Although UCP2 overexpression in mice is a well-validated strategy for protection against ROS-induced cell death, it is unclear whether this activity is the entire mechanism of UCP2-mediated neuroprotection. While many previous studies have assumed that the primary site of UCP2's action is within neurons, we propose that mitochondrial uncoupling has an equally important effect on glial cells of the CNS. The studies we review suggest that in addition to its directly effects which protect against ROS-induced cell death, UCP2 is also able to regulate the response of astrocytes and microglia to cellular stress.
The Effects of UCP2 Activity in Astrocytes
Astrocytes are the most abundant cell type in the CNS. They promote neuronal survival by regulating the levels of neurotransmitter, metabolites, and antioxidants in the extracellular environment (Sofroniew, 2009) . In disorders of the CNS, astrocytes can adopt a reactive, pro-inflammatory phenotype, characterized by the upregulation of the intermediate filament glial fibrillary acidic protein (GFAP), a reduction in neurotransmitter uptake, metabolic changes, and the release of pro-inflammatory cytokines (Sofroniew, 2009 ). Although at rest UCP2 is found primarily in neurons, our recent data indicate that UCP2 is dynamically regulated and that protein levels in astrocytes rapidly increase in response to cellular stress (Lapp et al., 2014) . Findings by Lu et al. suggest that UCP2 plays an important role in glial reactivity. They found that compared to control mice treated with the • Deletion of the uncoupling protein 2 increases the resistance of mice to T. gondii infection by increasing ROS in microglia. Mattiasson et al., 2003 • UCP2 overexpression is protective against oxygen-glucose deprivation-induced cell death in vitro and against middle cerebral artery occlusion in vivo, measured by cell death assays, infarction volume, and mouse motor function (neuroscore).
• UCP2 overexpression decreases mitochondrial ROS generation, while increasing extra-mitochondrial ROS levels. Choi et al., 2012 • NADPH oxidase shifts cells to a more oxidative redox state.
• Deletion of NADPH oxidase subunits or inhibition of NADPH oxidase decreases 'classical' (pro-inflammatory, M1) activation and increases 'alternative' (anti-inflammatory, M2) activation. Donadelli et al., 2014 • Review of the regulatory mechanisms controlling UCP2 abundance. Lapp et al., 2014 • The cytokine LIF is protective against astrocyte cell death by increasing STAT3-dependent UCP2 transcription and activity.
• It does so by increasing UCP2 mRNA (but not protein), which is translated only following exposure to a stressor (in this case the H 2 O 2 analogtert-butyl hydroperoxide). Lu et al., 2014 • UCP2 deficiency aggravated the loss of dopaminergic cells in MPTP-induced parkinsonism.
• UCP2 deficiency increased GFAP reactivity due to MPTP-induced parkinsonism.
• UCP2 deficiency increases the production of inflammatory factors in the midbrain.
• UCP2 deficiency in cultured astrocytes increases endoplasmic reticulum stress and NLRP3 inflammasome activation due to MPTP treatment. Perreten- Lambert et al., 2014 • Astrocytic UCP4 overexpression enhances the survival of untransfected neurons. Vozza et al., 2014 • UCP2 maintains the redox state of HepG2 cells.
• UCP2 can act as a mitochondrial solute carrier for phosphate, L-malate, and L-aspartate. De Simone et al., 2015 • LPS transiently increases UCP2 in microglia.
• UCP2 knockdown increases nitrite, IL6, and TNF-α (M1 markers).
• IL4 does not activate an M2 microglial phenotype when UCP2 is silenced. Barnstable et al., 2016 • Overexpression of UCP2 in transgenic mice decreases developmental programmed retina ganglion cell death.
• UCP2 overexpression decreases retinal ganglion cell excitotoxicity due to intra-ocular NMDA and kainic-acid injections.
GFAP: Glial fibrillary acidic protein; IL6: interleukin 6; LIF: leukemia inhibitory factor; LPS: lipopolysaccharide; MPTP: 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; NADPH: lactaldehyde reductase; NLRP3: NACHT, LRR and PYD Domains-Containing protein 3; NMDA: N-methyl-D-aspartate; ROS: reactive oxygen species; STAT3: signal transducer and activator of transcription 3; TNF-α: tumor necrosis factor-α; UCP2: uncoupling protein 2.
neurotoxin MPTP, the brains of MPTP-treated UCP2-deficient mice had greater GFAP immunoreactivity and an enhanced expression of pro-inflammatory cytokines such as tumor necrosis factor-α (TNF-α) and interleukin 1β (IL-1β) (Lu et al., 2014) . Similarly, UCP2 deficiency or inhibition in primary astrocyte cultures increased NLRP3 inflammasome activation, IL-1β production, and cell death in response to oxidative stress (Lapp et al., 2014; Lu et al., 2014) . These data show that UCP2 can influence the reactive phenotype of stressed astrocytes. In addition to this role, astrocytic UCP2 may also modulate brain oxidative status through its effects on the supply of one of the most potent free-radical scavengers in the CNS, glutathione. Once produced in the brain, ROS can be detoxified either directly by glutathione in astrocytes or from neuron-derived glutathione, which is synthesized using astrocyte-supplied cysteine. UCP2 levels are positively correlated with glutathione content in several tissues (Vozza et al., 2014) , suggesting that in the CNS, the activity of astrocytic UCP2 may be important for the preservation of other endogenous antioxidant systems. Functional evidence supporting the hypothesis that mitochondrial uncoupling in astrocytes increases neuronal survival comes from recent studies of the other brain uncoupling proteins. When overexpressed in primary astrocytes, the UCP family members UCP4 and UCP5 decrease basal H 2 O 2 release and increase the survival of untransfected neuronal co-cultures (Perreten Lambert et al., 2014) . This neuroprotective effect of other uncoupling proteins in glia strongly implies that increases in astrocytic uncoupling proteins, such as UCP2, will similarly increase neuronal survival (Figure 1 ).
The Effects of UCP2 Activity in Microglia
Microglia are the resident immune cells of the CNS that scavenge the neural environment in order to sense infection or damage. In response to various stimuli, microglia can adopt cytotoxic (M1), or protective (M2) phenotypes. Stimulation of microglia by factors such as lipopolysaccharide (LPS), interferon-γ (IFN-γ), and ROS can induce an M1 state characterized by phagocytic activity, the secretion of pro-inflammatory cytokines IL-1β, nitric oxide, TNF-α, and the generation of ROS (Choi et al., 2012; Tang and Le, 2016) . Alternatively, anti-inflammatory signals such as IL-4 can bias microglia towards an M2 state, characterized by the secretion of other anti-inflammatory cytokines such as IL-10 and IL-13 (Choi et al., 2012; Tang and Le, 2016) . In many neurodegenerative disorders, microglia are persistently activated in the M1 state, which may either be the cause or consequence of high ROS levels (Choi et al., 2012) . UCP2 is expressed in microglia and dynamically modulates the production of ROS in response to an infection, suggesting that it may also control microglial activation. This is best exemplified in UCP2 deficient mice, which are immune to toxoplasmosis infection due the ability of their microglia to generate excessive levels of ROS and IL-1β (Arsenijevic et al., 2000) . More recent findings also support the hypothesis that UCP2 controls the activation state of microglia. De Simone et al. (2015) demonstrated that microglial UCP2 deficiency increases the LPS-stimulated secretion of the M1 markers nitrite, TNF-α, and IL-6. The same study also found a correlative relationship between levels of IL-4, which stimulates an M2 phenotype and the transcription of UCP2 (De Simone et al., 2015) . Due to the causal relationship between microglial ROS and cellular phenotype (Choi et al., 2012; De Simone et al., 2015) , increases in UCP2 activity may prejudice microglia towards an anti-inflammatory M2 phenotype, which may be neuroprotective in disorders characterized by persistent glial reactivity (Figure 1) . However, it is important to note that the activity of UCP2 is only beneficial under certain circumstances, and based on the literature presented above, UCP2 overexpression could handicap the innate immune response to brain infection. Together, the known effects of UCP2 on astrocytic and microglial phenotypes denote a significant role for UCP2 in the glial response to cellular stress, and imply that increases in UCP2 will be neuroprotective by reversing the secretion of inflammatory factors and increasing or preserving the supply of endogenous antioxidants.
Mitochondrial Uncoupling is Highly Regulated
In order to exploit the protective effect of UCP2 in glia or any other cell type, we must understand the transcriptional, post-transcriptional, and post-translational mechanisms that control its activity and protein levels. Astrocytic UCP2 is transcriptionally regulated by signal transducer and activator of transcription 3 (STAT3), sterol regulatory element-binding proteins (SREBPs), sirtuins, peroxisome proliferator-activated receptor-γ coactivator 1α/β (PGC1α/β), peroxisome proliferator-activated receptors (PPARs), thyroid hormone receptors, and SMAD4 (Donadelli et al., 2014; Lapp et al., 2014) . These factors are each endpoints of multiple cellular pathways that respond to a wide range of stimuli, implying that UCP2 transcription is a response to many different cellular conditions. However, as several groups have demonstrated, UCP2 transcription does not always correlate with protein expression (Lapp et al., 2014) . Instead, UCP2 is regulated post-transcriptionally by several factors, including LPS, superoxide, and glutamine (Donadelli et al., 2014) . These factors are thought to work through a number of ways. One is inhibition of translation through a constitutively active upstream open reading frame (uORF) in exon 2 of the UCP2 transcript (Donadelli et al., 2014) . Specific microRNAs and RNA-binding proteins can also regulate UCP2 mRNA stability. For example, transcript degradation by mmu-miR-30e or has-miR-15a in kidney epithelium and colorectal cancer cells, translational inhibition mmu-miR-133a in muscle tissue, and translational enhancement by the RNA-binding protein hnRNP-K in heart tissue have all been described (Donadelli et al., 2014) . The cell-type specific nature of microRNAs and other factors mentioned above may eventually allow for microRNA-based therapeutics, which can inhibit the negative regulation of UCP2 in select cell types such as microglia or astrocytes. In addition to the numerous factors that control UCP2 mRNA and protein levels, the proton transport activity of UCP2 is also dynamically regulated. The proton conductance of UCP2 is stimulated by coenzyme Q, fatty acids, and superoxides in the mitochondrial matrix, and inhibited by glutathione via a reversible covalent modification (Donadelli et al., 2014) . The complexity of these regulatory mechanisms implies multiple points of intervention to manipulate UCP2 levels, especially through non-invasive molecules such as glutathione, fatty acids, glutamine, and coenzyme Q. The modulation of these molecules in the diet may be a simple way by which to increase uncoupling activity and potentially stimulate the protective effects of UCP2 in the CNS.
Conclusions
Current therapeutic efforts directed at reducing oxidative stress in neurodegenerative disorders have yet to be successful in clinical trials, implying the need for more potent regulators of ROS levels. Despite substantial evidence implying that the modulation of oxidative stress by UCP2 will be protective across a wide spectrum of disorders, UCP2-based therapeutics have yet to be developed for humans. Given the many ways in which endogenous regulatory machinery can regulate the levels and activity of UCP2, we believe there are many opportunities to design therapeutic agents that can manipulate this machinery. Since the UCP2 plays a critical role in the response of astrocytes and microglia to damage, we propose that increasing glial UCP2 activity may be therapeutic by decreasing the secretion of inflammatory factors and increasing or preserving the supply of endogenous antioxidants to increase neuronal survival (Figure 1 ). 
